In this paper, active suspension system is selected as the research object. Back-stepping method is adopted, and virtual fault tolerant controller, main fault tolerant controller and adaptive law are designed by constructing Time-varying Barrier Lyapunov Function (TVBLF), to ensure that the displacement and speed of the vehicle do not violate the constraint boundary and achieve the goal of fast fault tolerance. For the unknown continuous function caused by the uncertain body mass and other factors in the system, Radial Basis Function Neural Network (RBFNN) is used for approximation. At the same time, the suspension space limitation and tire dynamic load are analyzed. Finally, the effectiveness of the proposed fault-tolerant control method is verified by simulation of deviation fault and partial failure fault.
I. INTRODUCTION
With the advancement of science and technology, the improvement of people's living standards and the rapid development of the automobile manufacturing industry, vehicles as a means of transportation have gradually entered thousands of households. As people pay more and more attention to the safety and comfort of their vehicles while driving, vehicle manufacturers continue to update the various components of the vehicle to improve driving performance. As one of the key components of a vehicle, the vehicle suspension system has an important impact on the safety and comfort of driving [1] - [3] . The early vehicle suspension system was dominated by the passive suspension system, the parameters of the elastic components and damping components of which could not be changed or modified with the change of the motion state during the driving of the vehicle [4] , [5] . In order to overcome the shortcomings of passive suspension systems, automotive manufacturers designed and manufactured active suspension systems which consists of the elastic and damping components, sensors, and actuators (servo motors, air springs, The associate editor coordinating the review of this manuscript and approving it for publication was Mou Chen . hydraulic cylinders) [6] . During the driving process of the vehicle, the vehicle vibration signal is sent to the controller through the sensor, and the controller generates an active control signal to suppress unnecessary vibration of the vehicle body. Therefore, good control system plays a vital role in the safety and comfort of vehicle suspension.
At present, there are many methods to control the active suspension system, including linear quadratic optimal control [7] , [8] , PID control [9] , [10] , adaptive control [11] - [16] , neural network control [17] - [20] , [29] , and sliding mode variable structure control [21] - [23] . These suspension control methods can improve the ride comfort and ride stability of the vehicle. However, the above studies are carried out under the condition that the automobile suspension, sensors and actuators are in good condition. When the vehicle suspension, sensors and actuators fail, we need better control algorithms.
For the solution of vehicle fault, the fault-tolerant control can be designed by the actuator, so as to improve the stability of vehicle handling and ride comfort. The idea of fault-tolerant control was proposed by Niederlinski in 1971, and the advantage of fault-tolerant control is that it can control the car in a fault state compared with non-faulttolerant control, which can more accurately reflect the actual VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ driving situation [24] . Then, scholars began to study fault tolerance from fault detection and nonlinear fault tolerance theory [25] , [27] , [28] , [30] - [32] , [37] , [38] . With the development of modern control theory, fault-tolerant control has been studied and applied in vehicle suspension system. The authors in [26] proposed an adaptive sliding mode faulttolerant control method for actuator faults, which is an active fault-tolerant method based on differential evolution algorithm and H∞ optimization scheme. The above description is nonlinear fault analysis and fault-tolerant control. Although the fault-tolerant theory and simulation are relatively mature, they are rarely used in the control of automotive active suspension systems. Non-linear fault tolerance is a kind of simulation control parameter that better reflects the real state of the vehicle. Fusion with vehicle suspension on the basis of non-linearity is the main method of fault tolerance control of vehicle active suspension system. In recent years, a group of scholars have made attempts on fault detection and diagnosis of vehicle active suspension and fault-tolerant control. The H ∞ fault tolerant control problem of active suspensions was investigated in [33] , in which a robust dynamic output feedback fault-tolerant controller was designed from a practical point of view under finite frequency constraints. In addition, other fault tolerant control methods for suspension systems were also proposed based on Linear Parameter Change (LPV) [34] , neural network identification [35] , and Takagi-Sugeno (T-S) fuzzy models [36] . In the above fault-tolerant control, H∞ fault-tolerant control and fault diagnosis of two degree of freedom (2-DOF) vehicle active suspension are mostly analyzed. There are few studies on fault tolerance problems with actuator fault within constraint boundaries.
In this paper, an adaptive method is proposed to estimate the weight of neural network and basic model parameters for parameter perturbation and actuator failure of semi-vehicle active suspension system. For the unknown continuous function caused by the uncertain body mass and other factors in the system, RBFNN is used for approximation. The parameter estimation error is derived and used as a superposition in the adaptive system to ensure that the error convergence is fast fault-tolerant within the constraint boundary. Using Back-stepping method, the virtual fault tolerant controller, main fault tolerant controller and adaptive law are designed by constructing time-varying Barrier Lyapunov Function (TVBLF) to ensure that the displacement and speed of the vehicle do not violate the variable constraints and achieve the purpose of fault tolerance. The suspension space limitation and tire dynamic load are analyzed, and the effectiveness of the proposed fault-tolerant control method is verified by simulation of deviation fault and partial failure fault.
II. SYSTEM MODELING AND PROBLEM DESCRIPTION
The structure of the semi-vehicle active suspension system is shown in Fig. 1 .
According to the force analysis of the semi-vehicle and the second law of Newton's mechanics, the dynamic equation of the semi-vehicle active suspension system is shown in the following
where M B is the total vehicle body mass; F µf and F µr are the damping force in front and rear suspension assemblies, respectively; F ξ f and F ξ r are the spring force in front and rear suspension assemblies, respectively; I and ϕ represent the moment of inertia and pitch angle of pitching motion, respectively; a and b represent the length of front and rear suspension assembly center to suspension body center, respectively; m f and m r refer to spring mass under front and rear wheel, respectively; F tf , F tr and F br , F bf are elastic and damping forces of front and rear tires, respectively; u 1 and u 2 represent the control input of front and rear active suspension systems, respectively. u z and u ϕ are obtained as
The dynamic output forces generated by springs, dampers and wheels can be expressed as
where k fi and k ri (i = 1, 2) represent stiffness coefficient of front and rear springs and tires of vehicle suspension system, respectively; b fi and b ri represent damping coefficient of front and rear suspension damping assembly and tire partial damping assembly of vehicle suspension system, respectively; y f and y r are the travel space of front and rear suspension, respectively; z o1 and z 02 refer to the vertical displacement of the road surface to the front and rear wheel when the wheel is in contact with the road surface. The relationship between the travel space and the disturbance vertical displacement is:
Define the following state variables
The state space form of the semi-vehicle can be written as
where T 1 (t) and T 2 (t) are given as
III. ACTIVE SUSPENTION SYSTEM FAILURE MODEL
In active suspension systems, it is common practice to apply the ideal control input u to the closed-loop system through the actuator. However, the actuator often fails to produce an ideal control input u due to a stuck (deviation) or a partial failure. In order to simplify the description of actuator failure, this paper introduces the failure factor ρ i , and the actual control input u i generated by the actuator can be represented as
where u * i is the control signal, ρ i is the failure factor, i is the deviation fault, and T f is the unknown moment when the fault occurred.
The two types of faults are: 1) Stuck (deviation) fault model: ρ i = 0, i = 0. This model indicates that the actuator is completely invalid, that is, the actuator is stuck, so u i = i is not controlled by the u * i control signal.
2) Partial failure model: ρ i = 0, i = 0. This model represents the partial failure of the actuator u i = ρ i u * i , and 1−ρ i is the percentage of effective control lost to the actuator.
Remark 1: In addition to stuck and partially failed faults, in active suspension systems, healthy actuators, i.e. faultless actuators, can also be represented by equation (5) .Therefore, when t ≥ 0, ρ i = 1, i = 0, the actuator is healthy.
Assumption 1: There are unknown constants ρ i min > 0 and
When the active suspension fails, ρ i can only change between ρ i ∈ (0, 1), or change from ρ i = 1 to ρ i = 0. In order to simplify the complicated research, only one fault is discussed here, that is, the fault occurrence time is unique.
Control Objectives: 1) Comfort of the ride. Firstly, the fault-tolerant controller and the adaptive law are designed to stabilize the vertical displacement and speed of the sprung portion, thereby improving the passenger's ride comfort.
2) Vehicle driving safety. When the vehicle is driving on different roads, the wheel and the road should always be in contact with each other. If it is separated, it will easily cause a safety accident and bring huge losses. In addition, the dynamic tire load should be limited to a certain range, satisfying the following relationship:
3) Suspension space travel limit. Due to the mechanical structure, the suspension space travel must be limited to a certain range. That is, the suspension space cannot exceed the maximum value of the suspension dynamic displacement
In order to realize the fault tolerance of the active suspension system, this paper introduces the time-varying Barrier Lyapunov function to design a fault-tolerant control scheme with time-varying constraints. This control scheme makes the fault-tolerant control more universal and more applicable.
IV. ADAPTIVE FAULT TOLERANT CONTROLLER DESIGN AND STABILITY ANALYSIS
The main research is to design a fault-tolerant controller with time-varying constraints. The state equation is
Some variables are defined as follows:
where k a (t), k b (t), k c (t) and k d (t) are time-varying constraint bounds, and |e
Step 1: Calculate the derivative of the tracking error e 1 aṡ
Select BLF as
Further, it haṡ
We select the virtual controller as
where 1 > 0, -
Substituting (9), (14) , and (15) into (13), it haṡ
Step 2: Calculate the derivative of e 2 , one getṡ
Selected BLF as
where 1 is a positive definite symmetry matrix. The time derivative of V 2 can be written aṡ
Substituting (17) into (19),V 2 can be rewritten aṡ
where the unknown function is defined as 1 
The RBFNNs are used to approximate 1 (X 1 ) as:
where X 1 = x 1 , x 2 , y d1 ,ẏ d1 ,ÿ d1 , k a ,k a ,k a T ∈ 1 is neural network input. The bounds of the approximation error ε 1 are 0 ≤ |ε 1 | ≤ε 1 , θ 1 = θ 11 , θ 12 , · · · , θ 1L 1 ∈ R L 1 , they are neural network ideal weight vector, L 1 refers to number of neural network nodes. The neural network weight error can be written asθ 1 
According to Young's inequality, it can be obtaineḋ
Therefore, the fault tolerance controller and the adaptive law are designed as
where the design parameter 2 > 0, τ 1 > 0, the time-varying gain -
+ γ 2 , and select the positive parameter γ 2 to ensure the fault-tolerant controller bounded.
Substituting (8), (22) and (23) into (21), the derivative of V 2 can be obtaineḋ
Step 3: The derivative of the tracking error is calculateḋ
We select BLF as:
Thus, one haṡ
The virtual controller is developed as
where 3 > 0 and -
Select the positive parameter γ 3 to ensure α 2 bounded, then, it hask
Substituting (9), (29) ,and (30) into (28) , it obtainṡ
Step 4: The derivative of e 4 is calculated .
We select BLF as
where 2 is positive definite symmetry matrix. Then, one getṡ
Substituting (32) into (34),V can be rewritten aṡ
ρ ϕ is an unknown function. RBFNNs are used to approximate this unknown function, then
where X 2 = x 3 , x 4 , y d2 ,ẏ d2 ,ÿ d2 , k c ,k c ,k c T ∈ 2 is the input of the neural network. The bound of the approximation error ε 2 is 0 ≤ |ε 2 | ≤ε 2 , θ 2 = θ 21 , θ 22 , · · · , θ 2L 2 ∈ R L 2 is neural network ideal weight vector, L 2 refers to number of neural network nodes. Neural network weight error
Based on Young's inequality, it yieldṡ 
The controller and the adaptive law can be designed as
Select positive parameters γ 4 to ensure the controller bounded.
Furthermore,we havė
Based on (2) and above, the actual control output is written as
Theorem 1: Considering the nonlinear vehicle active suspension dynamic system, by designing the adaptive rate parameters 2 , 4 , τ 1 , τ 2 , 2 , 4 , the virtual controller and the actual controller on the compact set , all signals are semi-globally consistent and finally bounded, and the error signal (e i , i = 1, · · · 4) converges to zero within the field. Finally, the goal of vehicle fault tolerance is achieved, that is, the control target is realized.
Proof: According to [39] , it has
Then, we find the derivative of BLF: 
Furthermore, (43) and (44) can be rewritten as:
In (45), i = 2, j = 1; i = 4, j = 2;
Integrate (45) to get the inequality
According to (18) and (33), the following inequality is obtained
After a simple calculation, it can be obtained that
Therefore, it has
Due to
Therefore, it can be seen that the state variable x i , i = 1, · · · , 4 does not violate the time-varying constraint bound. Furthermore, in combination with the definition of adaptive law and fault-tolerant controllers, it is known that all signals are bounded and achieve fault tolerant purposes.
V. ZERO DYNAMICS ANALYSIS
In the above analysis, the vertical stability of the vehicle active suspension system and the pitch stability of the vehicle body motion are obtained by the adaptive control method, and the control target for improving the comfort of the occupants is also achieved. In order to achieve vehicle driving safety and suspension space travel limit,
y r max , 3 the system is transformed into a new fourth-order dynamic error system.
The above analysis is for the fourth-order error system. The adaptive back-stepping method is used to design the faulttolerant controller, and the overall research is an eighth-order system. It can be seen that the zero dynamic system consists of four states.
In order to study the zero dynamic system, we suppose e 1 = e 3 = 0. Further, it gets
According to [36] , u 1 , u 2 can be given as
Substitutingẋ 6 andẋ 8 into (53),it yieldṡ
In addition, choose a positive definite Lyapunov function V = X T PX , where P is positive definite symmetric matrix.
Next, it holds thaṫ
where A T P + PA = −I , I is a positive definite symmetry matrix. Then the following inequality can be obtained: where ξ 1 > 0 and ξ 2 > 0 are tun-able parameters. Furthermore, the following inequality can be written:
We select the appropriate positive definite symmetric matrix P and I , and adjust positive parameters to ensure
where δ 1 is a normal number. According the following inequalities z T 0 z 0 ≤ z 0 max , y T d y d ≤ y r max , and δ 2 = ξ 1 Z 0 max + ξ 2 y r max , it has 
Thus, it can be seen that the state variable x k has known boundaries.
Furthermore, the driving safety of the vehicle can be written as
Based on the above analysis, the vehicle's driving safety and suspension space travel limits are guaranteed by adjusting the parameters.
VI. SIMULATION STUDY
In the simulation verification section, the initial value is set to x 1 = 3cm, other initial value settings are zero. Expected tracks are y d1 = 0, y d2 = 0, y d3 = 0, y d4 = 0. Pavement VOLUME 8, 2020 Other parameters are shown in Table 1 . Case 1: The actuator fault type is deviation fault, that is, the actuator complete failure fault. Fault tolerant control signal is u = = 50. Fig. 2 and Fig. 3 show the vertical displacement and pitching angle displacement of the body when the suspension system deviates from t=2s. It can be seen from the curves that when one of the actuators deviates, the system is not only stable, but also does not cause large velocity fluctuations in the vertical direction (vertical velocity peak value is about 0.3 m/s, pitching angle velocity peak value is approximately 0.6 rad/s). The tracking error is shown in Fig. 4 . When the fault occurs at t=2s, the control scheme with fault-tolerant control can ensure that the tracking error tends to be stable within the constraint boundary. In Fig. 5 , the adaptive law is given. In Fig. 6 , the control input performance also achieved the desired effect.
Case 2: Actuator fault type is failure fault. when t = 2s the actuator u = u * loses 50% of its effectiveness, that is, ρ = 0.5. Fig. 7 and Fig. 8 show the corresponding curves of the vertical displacement and pitch angle displacement of the vehicle body after the failure fault occurs. It can be seen from the curves that when 50% of the actuator fails completely, the system is stable and the velocity in the vertical direction tends to be stable. Fig. 9 shows the tracking error e 1 and e 2 . When the fault occurs, the control scheme with fault-tolerant control ensure that the tracking error is within the constraint boundary. In Fig. 10 and Fig. 11 , the adaptive law and the control input also achieve relatively ideal control effect.
VII. CONCLUSION
In order to investigate the adaptive fault-tolerant control of semi-vehicle active suspension system, this paper establishes the dynamic model of active suspension system based on the dynamic mechanics equation, and then establishes the state space expression with the appropriate state variables. Based on the semi-vehicle active suspension model, the faulttolerant controller and the adaptive law are designed by using Back-stepping method and constructing TVBLF function. At the same time, RBFNN is used to approximate the unknown continuous function caused by the uncertain body mass and other factors in the active suspension system. The parameter estimation error is derived and used as a superposition in the adaptive system to ensure that the error convergence is fault-tolerant within the constraint boundary.
Then, the suspension space limitation and tire dynamic load are analyzed. Finally, the effectiveness of the proposed faulttolerant control method is verified by simulation.
